The pharmacokinetics of orally administrated modifiedrelease nifedipine has been investigated in several clinical studies. In most cases, irregular concentration-time profiles were observed, especially when the dosage forms were given with a meal (8) (9) (10) . A pharmacokinetic interaction at the absorption site has been discussed as an explanation for the observed food effect. Another possible explanation is the lack of robustness of the dosage form under in vivo conditions with respect to the well-known high variability of the physiological pH values and the composition of gastrointestinal dissolution media (11, 12) . Less attention has been paid to the mechanical robustness of the dosage form despite the impact of physiological mechanical stress. To date, this aspect is poorly understood and has been studied only sketchily in some rather simplified experiments (13) . However, in vivo data characterizing the main physiological stress factors that may affect drug dissolution from a solid dosage form during the gastrointestinal (GI) passage have become increasingly available, and a biorelevant dissolution stress-test apparatus has recently been developed (14) . This device simulates three physical conditions that dosage forms experience during gastrointestinal transport and that may affect the drug dissolution process. Using this device, the physiological movement of the dosage form can be simulated. Furthermore, the stress-test apparatus offers the possibility of simulating the agitation caused by gastrointestinal pressure waves. Finally, an interrupted contact of the dosage form to the liquid medium can be simulated.
MATERIALS AND METHODS

Dosage Forms
In this study, six ER tablet formulations, each containing 20 mg nifedipine, were examined. All tablets were homogenous matrix tablets that are marketed in the European Union and have identical dosing regimens, which is twice a day. The products can be substituted for originator products and other ER generic formulations of the same drug load. The compositions of the tested formulations are given in Table 1 .
Applied Test Media
All dissolution experiments were carried out in USP pH 6.8 buffer for nifedipine ER tablets with 1% SDS (84 mOsm/kg) as the dissolution medium. For the determination of the disintegration behavior of the dosage forms, purified water was used as a complementary medium.
Standard Dissolution Tests
The dissolution characteristics of the tablets were examined using USP Apparatus 2 (paddle apparatus, PT-DT 7, PharmaTest, Hainburg, Germany) at rotational speeds of 50 rpm and 100 rpm at 37.0 ± 0.5 °C. This device was chosen as one of the most popular and wellestablished test methods for the quality control of solid oral dosage forms. The amount of drug dissolved was determined using a spectrophotometer (UV 1650, Shimadzu, Germany) equipped with a multi-cell positioned by a closed flow-through system. A peristaltic pump (IPC-N 16, Ismatec, Germany) circulated dissolution medium in the system at a flow rate of 10 mL/min in a pump interval of five minutes duration (three minutes of pumping and two minutes of rest), while filtering the medium through a glass filter (20 µm, Jena Glas, Germany) under isothermal conditions. The filtrate was pumped through a quartz flow-through cell (10-mm path, Hellma, Germany). The absorption was measured at 5-min intervals in a differential mode at 350 nm (signal) and 450 nm (background) and calculated as the differential value. Data acquisition was performed with commercial software (UV-Probe, Shimadzu, Germany). To avoid photodegradation of nifedipine, all analytical operations and tests were carried out with artificial red light of l g 500 nm (LED Spotlight WEC Cooperatios 18 LEDs, 230 V / 1,5 W, JDR E 27) as the sole laboratory illumination.
Dissolution Stress Test
The dissolution stress-test device enables the exposure of the dosage forms to an arbitrary sequence of movements, pressure waves, and phases of rest that may occur under in vivo conditions. The device consists of a steel central pipe (axis) with six steel netting spheres (chambers) of 35-mm diameter in which the dosage forms are placed. Each chamber is divided into two parts. The bottom part is screwed onto the central pipe by a PVC bushing and a profiled nozzle. The central pipe is attached by Teflon handles placed on the deck plate of the device very closely (3 mm) above the top edges of standard dissolution vessels placed linearly in their symmetry plane. Each sphere operates in a separate vessel. On one end, the central axis is coupled with a pressure regulation unit by a rotating joint, and on the other end with a stepping motor. The schematic and photographic illustration of the test device is given in Figure 1 .
Pressure waves are generated by pulsatile inflation and deflation of balloons inside the chambers. The process is controlled by the synchronized switching of solenoid valves (ASCO G262C022, ASCO Jucomatic, Germany). The pressure is regulated by a computer-controlled pressure-reducing device (Norgren R16-200-R30D, Germany). The central axis is driven by a computercontrolled stepping motor (St 5818M1008, Optocoppler SMC 32C, Nanotec, Germany). The test parameters are software-controlled (LabView 7.1, National Instruments, USA).
All experiments with the stress-test device were carried out in 1150 mL of dissolution medium. This volume assured the complete immersion of the steel wire netting spheres in the dissolution medium during the phases of rest when the spheres were placed vertically down. The medium was homogenized by a steel paddle stirrer (15 mm × 35 mm stirrer blade) that was operated at 100 rpm. The device was driven in a test program that mimics the physiological stress transport phenomena as they are observed in vivo. The applied program is a combination of high and low agitation phases as well as phases of rest. The immersion of the dosage forms in the dissolution medium was defined as the starting point of the analysis. This was achieved by positioning the apparatus axis in such way that the steel wire netting spheres were angled vertically down. The high-stress phase simulated at 0.5 h consisted of a sequence of three symmetrical pressure waves of 300 mbar with a duration of 6 s each, followed by a 1-min rotation phase at a stirring speed of 100 rpm. This phase simulated high mechanical stress acting on the dosage form during passage through high motor activity zones of the GI tract like the pyloric or ileocecal regions. The low-agitation phase simulated after one, two, and four hours was composed of a 1-min rotational movement phase at 60 rpm mimicking the mild transport phenomenon observed during passage through the small intestine. Before the first stress phase and between the subsequent stress phases, the probe chambers were submersed in the dissolution medium, and no motion of the apparatus axis was stimulated.
The amount of drug dissolved was determined using a UV-vis spectrophotometer (Cary 50, Varian Instruments) equipped with a fiber-optic device with a 10-mm light path and 1-s signal averaging time. The measurement proceeded in a differential mode at 350 nm (signal) and 450 nm (disturbances). The effective absorbance (A) was calculated according to the equation A = A 350 − A 450 .
Tablet Disintegration Test
The disintegration of nifedipine ER tablets was tested in USP buffer for nifedipine ER tablets and purified water using a standard disintegration apparatus (Ph. Eur. Apparatus A) at 37 ± 0.5 °C and 30 dips per minute. The determination of the end point of tablet disintegration was performed visually and was expressed as the time of disintegration of the last of the six tested dosage forms.
RESULTS
Standard Dissolution Test
The dissolution profiles obtained with USP Apparatus 2 operated at rotational speeds of 50 rpm and 100 rpm are presented in Figure 2 . At a stir rate of 50 rpm, nifedipine release was very fast, and at least 10 mg dissolved within the first 30 min for all formulations. For Formulations 2 and 5, 10 mg of drug was released after only 10 min. The time required for dissolution of 15 mg ranged from 25 min for Formulations 2 and 6, to about 1.2 h for Formulations 1 and 3. The increase in stirring rate from 50 to 100 rpm resulted in a further acceleration of the dissolution rates only for Formulations 4 and 5, while no meaningful differences in the dissolution profiles of the other formulations were observed.
During the dissolution experiments, rapid disintegration of the tablet matrices was observed for all tested products.
Dissolution Stress Test
The dissolution profiles obtained using the biorelevant dissolution stress-test apparatus are presented in Figure 3 . Nifedipine dissolution was fastest for Formulation 2, with approximately 1 h required for complete dissolution, and was slowest for Formulation 4, with about 5 h required for complete dissolution. For Formulations 2 and 6, use of the stress conditions did not influence the dissolution characteristics of the tablets because in both cases, the disintegration process was completed before the first agitation phase. The nifedipine dissolution proceeded at a rate that was comparable to those obtained with USP Apparatus 2 at 50 rpm. The first stress phase applied at 0.5 h had the most remarkable impact on the dissolution profiles of Formulations 1, 3, 4, and 5, with a rapid release of approximately 6 mg nifedipine from Formulation 1 and 10 mg from Formulation 4. A visual inspection of the probe chambers of the dissolution stress-test apparatus carried out immediately after application of the first stress phase showed that Formulations 3−5 disintegrated during this stress phase. Therefore, the later stress phases did not produce distinct increases (g 4 mg/5 min) in the amount of drug dissolved. In Formulation 1, the phase of rotational movement at 60 rpm simulated at 1 h resulted in the disintegration of the tablets and rapid dissolution of about 4 mg of nifedipine. Because of complete disintegration of the matrices, the stress phases that followed at 2 and 4 h had no relevant impact on the dissolution characteristics of this formulation.
Tablet Disintegration
The susceptibility of the tablets to mechanical agitation was investigated with the standard disintegration test using pH 6.8 USP buffer for nifedipine ER tablets and purified water as a reference medium of distinctly higher surface tension. The observed disintegration behavior of the investigated products is presented in Table 2 . Rapid disintegration of all tested formulations was observed with disintegration times below 10 min for all tested products, ranging from 0.33 min for Formulation 5 to 9.17 min for Formulation 3. The applied media had only minor influence on disintegration behavior. The obtained data are in good agreement with the results of visual inspection carried out during the dissolution experiments and confirm the observation of poor mechanical stability of the tested tablets under the applied test conditions. 
DISCUSSION
According to the Biopharmaceutics Classification System (BCS), nifedipine is a typical Class II compound with low solubility and high permeability (15) . Nifedipine is characterized by high absorption rates from the small intestine as well as the colon (16) . Therefore, the plasma concentration−time profiles obtained after intake of an ER formulation of nifedipine should be determined mainly by the release characteristics of the dosage form and not the solubility kinetics of the drug substance.
The results of the present study clearly show that drug dissolution from all six tested formulations is not controlled by the properties of the tablet matrices but is determined by the dissolution characteristics of the nifedipine crystals that are released during the spontaneous disintegration of the tablet matrices. Such a strategy for the modification of the drug dissolution profiles of poorly water soluble drugs has been described previously (17) and bears a high risk of potential formulation-dependent interactions in vivo. At first, the in vivo dissolution characteristics of such preparations are strongly dependent on the liquid media to which the drug-containing particles are exposed during GI transit. These are characterized by a high variability in their compositions and physicochemical properties. Furthermore, they are inhomogeneously distributed along the GI lumen in pockets of variable volume (12, 18) . However, due to the relatively small amount of water available in the lumen of the GI tract and the low solubility of nifedipine, a prolongation of the absorption process of the drug is likely, especially under fasted conditions. The results of the present study show that in all tested products, such an effect can be determined only by the character of the drug substance and not by the dissolution characteristic of tablets that are declared as extended-release dosage forms by the manufacturers.
Secondly, when such formulations are administered with food, it is very likely that the disintegration process of the dosage form will already be completed in the stomach. The drug-containing particles are usually inhomogeneously mixed with chyme, which can improve the drug solubility depending on its composition, whereas the systemic delivery of the drug is primarily controlled by the rate of gastric emptying (19, 20) .
In previous works (7, (21) (22) (23) , it has been shown that the kinetics of nifedipine delivery into systemic circulation is an important factor affecting drug response and the occurrence of side effects. Only a slow increase in drug plasma concentration results in the desired reduction of diastolic and systolic blood pressures.
Accordingly, dissolution requirements for nifedipine ER tablets were specified by the USP. The fraction of drug dissolved using USP Apparatus 2 at 50 rpm is specified for nifedipine 20 mg ER tablets as 10-30% (2-6 mg) release at 3 h, 40-65% (8-13 mg) at 6 h, and not less than 80% (16 mg) at 12 h (24) . The study results demonstrate that none of the tested products fulfill the requirements of the USP.
However, the products are available on the European market where the quality criteria of the USP are advisable but not mandatory.
CONCLUSIONS
This study yielded differences in the pharmaceutical availability of nifedipine from tested formulations that are considered for administration in identical dosing intervals. The tested products can be substituted for originator and other ER generic formulations of the same drug load. However, the test results clearly demonstrate that the dissolution characteristics of all tested formulations is primarily controlled by the properties of the drug substance and not by the dosage forms. Considering the rapid dissolution characteristics and the susceptibility of the tablets to mechanical stress, drug delivery in vivo will likely proceed faster than would be clinically desirable.
